H Bessbousse, N Zran, J Fauléau, B Godin, V Lemée, et al.. Poly(4-vinyl pyridine) radiografted PVDF track etched membranes as sensors for monitoring trace mercury in water. International Journal for Radiation Physics and Chemistry, Elsevier, 2015, in press. 10.1016/j.radphyschem.2015 Poly ( Using Square Wave Anodic Stripping Voltammetry (SW-ASV), mercury concentrations of 1 µg/L are detected in two hours and low ng/l concentrations are detected after 24 hours of adsorption. The adsorption is passive so sensors do not require instrumentation and the analysis takes only 3-4 minutes. Also, the P4VP functionalized sensor appears insensitive to pH variations (pHs 3 to 9), high salt concentrations (up to 1g/L) and the presence of other heavy metals in the same solution.
Introduction
The needs of water monitoring in different environmental contexts, issued from European and national regulations, push more and more towards real-time, on-site or in situ analyses to improve the reliability of monitoring and to have faster information… Tolerable limits are now in the very low µg/L range. This requires fast, portable, low-cost, environmentally friendly and sensitive instruments which are able to detect and to quantify heavy metal concentrations in different types of water; however, few options are readily available.
Mercury analysis in water is usually performed by atomic absorption spectroscopy (AAS), atomic fluorescence spectroscopy (AFS) or inductively coupled plasma mass spectroscopy (ICP-MS) often with chemical volatilisation (cold vapour) or other pre-concentration steps. One of the particularities of mercury is that it is often analysed separately from other metals. Detection limits are low ng/L to sub ng/L; however, these methods are laborious, expensive, time consuming and require a centralised lab with trained personnel.
Most of the state-of-the art technology is not adequate to meet the demands of sensor manufacturers, integrators or end users. Indeed, electrochemical probes, based on anodic stripping voltammetry (ASV), appear cheap, sensitive enough and have a fast response time. It is thus a very promising market. Nevertheless, on the market today, the most sensitive are based on mercury which is very toxic and the cheapest are disposable screen printed electrodes (SPEs) which are portable and non-toxic but lack sensitivity.
The present paper validates the technical potential of a 3-D sensor [1] which is able to quantify mercury ions at trace levels, in situ, on-site and/or on-line, using passive sampling. This environmentally friendly sensor relies on ion-track etched nanoporous functionalized membranes made of poly(vinylidene difluoride) (PVDF). The functionalization takes place inside the tracks using radiation induced grafting. The quantitative determination of ionic species is performed via SW-ASV.
The multi-ion sensor resulting from poly(acrylic acid) functionalization has already shown good performances for lead in pure water [2] but recent tests performed in natural waters of various compositions (salts, pH) have demonstrated this sensor has problems with interfering ions, low pHs (<4.5) or complicated matrixes (Fig. 1) .
Figure 1. Prototype photograph directly immersed in a natural water.
In light of this, efforts are now focused on specific ions detection permitting this sensor to operate in extreme conditions of pH and salt interferences. The publication here reports on specific radiation induced functionalization of PVDF track-etched membrane with mercury sensitive poly-4-vinyl pyridine (P4VP). Using SW-ASV, we demonstrate the electrochemical sensor's limits of detection, selectivity towards mercury ions among other solvated heavy metals and sensitivity to its environment in a large range of pH (from 3 to 9) and salt concentrations.
Experimental section

Swift heavy ions and electron beam irradiations
Swift heavy ion (SHI) irradiation was performed at GANIL in France. Ions of Kr 
Anodic Stripping Voltammetry measurements
PVDF-g-P4VP track-etched membranes were changed into an electrochemical nanoporous sensors, called CAPTÔT, thanks to the fabrication protocol described in [1, 2] . CAPTÔT was then immersed in the aqueous solution to analyse for an adsorption time ranging from 30 minutes to 24 hours. During this step, the mercury solvated ions present in the aqueous solution (if any) were trapped inside the sensor nanopores by complexation with P4VP. 
Results and discussion
Synthesis of nanoporous mercury-sensitive membranes
These new membrane electrodes are based on ion-track etched functionalized polymer membranes. The key feature of this system is that the pre-concentration step is realized by passive adsorption inside the functionalized nanopores and not by electro-deposition. This is the most critical step for sensitivity (Fig. 2) . with an oxidant such as KMnO 4 is needed to reveal the tracks into cylindrical nanopores under our experimental conditions. In PVDF, the residual radicals formed during irradiation all along the tracks are still present in the pore walls after etching when the diameters are less than a few hundred nm [3] . These radicals trapped in the crystallites of PVDF are able to initiate a polymerization in the presence of a vinyl monomer such as acrylic acid with a maximum efficiency and reproducibility at a diameter of 50 nm [4] . The functionalization by so called radiation-induced grafting or more commonly radiografting, occurs locally inside the nanopores and takes advantage of radicals presence on these nanopores walls. The functionalization gives the nanoporous membrane complexation properties necessary to trap toxic heavy metal ions solvated in water. The P4VP was chosen for its high affinity for mercury ions [6, 7] . counter electrode working electrode
Radiation-induced grafting of 4-vinylpyridine on polymer membranes
4-vinylpyridine (4VP) monomer reactivity towards radiation-induced grafting has been well established on several solid polymers [8, 9] but has not yet been stated in the literature for PVDF.
Thus, the protocol has to be adapted. Etched tracks are very narrow channels with a diameter of 50 nm and a length of 10 µm (Fig. 3a) . The characterization and the localization of the radiografting become difficult when high nanopores densities are reached. Aa easy way to study the best radiografting conditions with a new vinyl monomer is to first irradiate PVDF films with an electron beam. In PVDF films, the created radicals induced by e-beam irradiation are similar to those created by swift heavy ions. The advantage is that the radicals are homogeneously distributed in the polymer film macroscopically mimicking what happens at the scale of the nanopore wall. It is thus easier to study the radiografting by EPR and FTIR. Once the radiografting protocol has been established using e-beam irradiated PVDF films, it can be directly transferred to ion-track etched nanoporous membranes.
Radiografted Electron beam irradiated PVDF films with P4VP
Several e-beam irradiations have been performed at various doses to study the effect on radical formation. The profile of the resulting EPR spectra is typical of alkyl and peroxyl radicals both present in irradiated PVDF films (Fig. 4a) and similar to the EPR spectra obtained for track-etched nanoporous PVDF [4] . The radical concentration logarithmically increases with the dose. .
For a given dose, pure 4VP monomer solution was found to give the best P4VP radiografting yield on PVDF films. In order to get a suitable system for nanopore walls in further experiments, the best grafting yield obtained from e-beam irradiated PVDF films, which was up to 80 wt% for 65 °C, 100 kGy and 1 hour reaction time, has to be reduced to 10 wt% to limit the P4VP chain lengths and not block the nanopores. Our approach was to diminish drastically the reaction time up to 10 minutes and study the effect of doses at 60 °C and 65 °C. The grafting yield obtained gravimetrically is compared to the dose under these grafting conditions (Fig. 6) . A grafting degree of 10 wt% can be easily achieved in the first doses. A temperature of 60 °C exhibits a more controlled grafting degree than at 65 °C. 
PVDF-g-P4VP films after e-beam irradiation at various doses: 1 kGy, 2 kGy, 5 kGy 10 kGy and 100 kGy.
Grafting conditions: 100 vol% of 4VP, 10 min, 60°C. The quaternization reaction by the introduction of a positive charge to form a pyridinyl ring in the polymer structure may explain the peak at 1650cm -1 . [11] Additionally, the intensity of the band at about 1555 cm −1 corresponds to positively charged nitrogen atoms ( Fig. 8a ). After a cryofracture of a PVDF-g-P4VP membrane and doping of the pyridinium cycle by copper ions, an energy dispersive X-ray (EDX) probe coupled to SEM confirms the major location of P4VP on the membrane surface (Fig. 9 ).
Grafting localization
Figure 9: Scan line EDX profile of Cu (K line) and F (K line) along the cross-section of a Cu doped ebeam radiografted PVDF-g-P4VP membrane (PVDF initial thickness of 10 µm, dose : 100 kGy).
Grafting conditions: 100 vol% of 4VP, 10 min, 60 °C.
Etched ion track grafting
Once the radiografting conditions have been established at the PVDF film surface by e-beam irradiation, the radiografting procotol is directly applied to PVDF track-etched membranes.
In order to get 50 nm diameter for each track, the tracks are revealed by a chemical attack using KOH/KMnO 4 solution. The radical fraction present on the pore walls after etching depends on the track diameter as their density decreases as 1/R 2 (R the etched track radius) from the initial track core [4] . As previously described [3, 4] , the diameter is proportional to the etching time. The etching time is an important parameter as it determines the radical density on the pore walls. As already mentioned, not all vinyl monomers have the same reactivity towards radiografting and some of them need a higher quantity of radicals to start the polymerization. In figure 10 , an etching time of 15 min has found to be insufficient for the polymerization initiation of 4VP in contrast to 12 min. For 12 min etching time at 65 °C and selected grafting conditions (100 vol% of 4VP, 10 min, 60°C) the grafting degree was found equal to Y = 6.25 %. 
Electrochemical detection
After gold sputtering, the functionalized track-etched membranes will be used as electrodes for SW-ASV analysis [1, 2] . SW-ASV measurements were performed using Hg standards and 1mM NaCl/HNO 3 electrolyte. A well-defined Hg oxidation signal is seen at +0.500 V (Fig. 11a) . The peak current increases with adsorption time (Fig. 11b) . Next, we evaluated interferences using SW-ASV measurements. Experiments were performed in various conditions (Fig. 13) . The results show that the sensors were slightly sensitive to basic pHs (Fig.   13a ). The observed shift of the redox potential of 0.05 V at pH 9 is due to the silver wire pseudoreference electrode as the peak shape was kept intact. In Fig. 13b 
